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In  this  paper  the  elution  order reversal  of  enantiomers  of fluorenylmethoxycarbonyl-  or  FMOC-isoleucine
is  described  depending  on  the  separation  temperature  and  composition  of  the  mobile  phase  when  using
the polysaccharide-based  chiral  column  Lux  Cellulose-1  in  HPLC  with  normal-phase  eluent.  Reversal  of
the enantiomer  elution  order  (EEO)  in  HPLC  depending  on  the  column  temperature  and  content  of  the
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polar  modifier  in  the  mobile  phase  has  been  reported  before  in  the  literature.  However,  EEO  reversal  by
changing  the  content  of  acidic  modifier  in  the  mobile  phase  seems  to  be described  for  the  first  time  in
the present  work.

© 2011 Elsevier B.V. All rights reserved.
eversal of enantiomer elution order
hiral stationary phases

. Introduction

Enantiomer elution order (EEO) is an interesting issue in chi-
al separations from both, practical and theoretical points of view
1–3]. In enantiomeric purity assays when the minor enantiomeric
mpurity has to be analyzed in the presence of the major enan-
iomer, it is always desirable to elute the minor component in front
f the major one [4–6]. This allows more sensitive and reproducible
uantification of the enantiomeric impurity [4–6]. From a theo-
etical point of view, understanding the fine mechanisms of EEO
eversal means understanding the forces and interactions respon-
ible for analyte-selector binding and enantioselective recognition
n chiral HPLC [7].

The reversal of EEO in various chromatographic techniques has
een described for last three decades and summarized in two
eview articles [2,3]. For instance, the EEO a priori reverts in any
hromatographic system when a given chiral selector is alterna-
ively used with two opposite stereochemical configurations [8].
his is not possible for natural chiral selectors available only in one
tereochemical configuration. The EEO of some chiral compounds
an eventually be reversed when different chiral substances (e.g.,

ellulose and amylose) are used as starting materials for the prepa-
ation of chiral stationary phases (CSP), with different separation
odes, e.g. in polar organic and reversed-phase LC [9],  when a mod-
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ifier is added to the mobile phase [10], two different modifiers are
used [6,11–13], or the content of a given modifier changes within
a given chiral column [7,14].  In addition, several examples are
described in the literature, when the EEO changes by changing the
separation temperature [14–16].  Although in some previous arti-
cles conformational changes of the chiral selector under the effect
of EEO reversing factors are suggested along with possible changes
in the selectand/analyte interactions [7],  the former is considered
to be basically responsible for EEO reversal.

In the present study the EEO reversal of
fluorenylmethoxycarbonyl- or FMOC-isoleucine is reported
by changing the separation temperature and the content of the
polar modifier in the mobile phase, but also by changing the
concentration of formic acid (FA) as acidic additive in the mobile
phase in a rather narrow range (0.1–0.5% (v/v)). A similar effect
was  observed in a parallel study performed in co-operation with
Crommen and co-workers for the chiral drug amlodipine, but
with a different mobile phase-CSP combination [17]. These two
examples seem to be the first report on EEO reversal based on the
content of acidic additive in the mobile phase.

2. Experimental

2.1. Materials
l- and d-FMOC-isoleucine (Fig. 1) and formic acid were com-
mercially available compounds from Sigma–Aldrich (St. Louis, MI,
USA). HPLC-grade n-Hexane, 2-propanol and ethanol were sup-
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Fig. 1. Structure of FMOC-isoleucine (a) and cellulose-base

lied by Karl Roth (Karlsruhe, Germany). Chiral columns used in
his study (all with 4.6 mm × 250 mm  dimensions and packed with

 �m packing material) were commercially available from Phe-
omenex Inc. (Torrance, CA, USA) and were kindly provided by their
anufacturer. The structure of the chiral selectors in Lux Cellulose-

, Lux Cellulose-2, Lux Cellulose-3 and Lux Cellulose-4 columns are
hown in Fig. 1.

.2. Instruments

The chromatographic experiments were performed on an Agi-
ent 1200 HPLC system equipped with a vacuum degasser G1354A,

 binary pump SL G1312B, an autosampler G1329A, a thermostated
olumn compartment G1316A, and a photodiode array detector
1315D from Agilent Technologies (Santa Clara, CA, USA). Chro-
atographic separations of a non-racemic mixture of enantiomers
ere performed with 1 ml/min linear flow rate of the mobile phase
ith various columns, eluents and at various separation tem-
eratures as discussed below. The instrument control and data
anagement were performed with Chemstation software.

. Results and discussion

.1. Effect of chiral selector and the nature of alcohol modifier on
EO of FMOC-isoleucine

In this work the effect of various separation variables includ-
ng the nature of the chiral selector on EEO of FMOC-isoleucine
s reported. Since the effect of multiple variables is reported deep

echanistic discussions are not provided at this stage and just

eferences to similar effects (if any) previously reported in the lit-
rature are given. More thorough thermodynamic and mechanistic
tudies shall be reported in our forthcoming works on the same
opic.
al selectors (b–e) in the chiral columns used in this study.

In the first step the EEO of FMOC-isoleucine was studied on four
different cellulose-based chiral stationary phases and the reversed
EEO was  observed between some chiral selectors (Fig. 2). Many
examples of this kind are described in the literature (see for exam-
ple, Ref. [18]).

Further studies were focused on Lux Cellulose-1 column since
the most interesting effects were observed on this column.

At the same concentration of 20% (v/v) of ethanol and 2-
propanol as polar modifiers of the mobile phase the EEO of
FMOC-isoleucine was  the same on the Lux Cellulose-1 column (data
not shown). However, this conclusion is accidental since the EEO
of FMOC-isoleucine on this chiral column reverses depending on
the concentration of 2-propanol in the mobile phase. Therefore,
if compared at different concentrations of the two modifiers one
could observe the opposite EEO of FMOC-isoleucine.

3.2. Effect of content of polar organic modifier on EEO of
FMOC-isoleucine

After studying the effect of the nature of alcohol modifier on the
EEO of FMOC-isoleucine, the content of 2-propanol was  varied in
the mobile phase and interesting peak coelution and the reversal of
EEO was observed (Fig. 3). Similar effect was  reported by Ma et al.
in 2009 for a phenylalanine derivative on the amylose-based chiral
column Chiralpak AD when the content of ethanol was  varied in
the mobile phase from 0 to 20% (v/v). The authors have explained
this phenomenon based on vibrational circular dichroism (VCD)
studies by some conformational change of the chiral selector [7].
In our opinion, the structural changes of the chiral analyte itself
must be also evaluated. It seems interesting mentioning that Ma

et al. did not observe the same effect with Chiralcel OD column
which has the same chiral selector as Lux Cellulose-1, as well as
with 2-propanol as polar modifier of the mobile phase [7].  Thus,
the phenomena described in ref. [7] and in the present study are
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Fig. 2. The effect of the nature of chiral selector on EEO of FMOC-isoleucine. Mobile phase: n-hexane/ethanol/FA 80/20/0.1% (v/v/v); separation temperature 20 ◦C. For other
experimental parameters see Section 2.
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Fig. 3. Reversal of enantiomer elution order of FMOC-isoleucine on Lux Cellulose-1 by varying the content of 2-propanol in the mobile phase. The mobile phase was
n-hexane/2-propanol in various ratios with 0.1% FA. Separation temperature was 20 ◦C. For other experimental parameters see Section 2.
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Fig. 4. Reversal of enantiomer elution order of FMOC-isoleucine on Lux Cellulose-1 by varying the separation temperature. The mobile phase was n-hexane/2-propanol/FA
90/10/0.1% (v/v/v). For other experimental parameters see Section 2.
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Fig. 5. Reversal of enantiomer elution order of FMOC-isoleucine on Lux Cellulose-1 by varying the formic acid content in the mobile phase. The mobile phase was n-
hexane/2-propanol 90/10 (v/v) with various contents of formic acid as indicated in the figure. Separation temperature was  20 ◦C. For other experimental parameters see
Section 2.
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uite complimentary from the viewpoint of CSP and the alcohol
odifier used.

.3. Effect of separation temperature on EEO of FMOC-isoleucine

According to the well known equation (1) in chiral chromatog-
aphy the enthalpy and entropy contributions to the separation
rocess of a pair of enantiomers cancel each other out at a certain
emperature and peak coelution is observed.

n  ̨ = −�R,S�H◦

RT
+ �R,S�S◦

R
(1)

here �R,S�H◦ and �R,S�S◦ are the differences between two
nantiomers in enthalpy and entropy of adsorption, respectively,
nto stationary phase, R is the gas constant and T the absolute
emperature.

Below this value (the so called isoenantioselective temperature,
iso), the enthalpy contribution �R,S�H◦ dominates the separa-
ion process while above this temperature the entropy contribution

R,S�S◦ dominates. The EEO is opposite below and above the
soenantioselective temperature (Tiso). In most cases the isoenan-
ioselective temperature is too high to be commonly reached,
specially in HPLC. Therefore, just few examples of temperature
ependent reversal of EEO are described in the HPLC literature
14–16].  After careful selection of the mobile phase conditions, the
emperature-dependent reversal of EEO of FMOC-isoleucine was
bserved with the isoenantioselective point at the rather low tem-
erature of 20 ◦C (Fig. 4).

.4. Effect of content of formic acid additive on EEO of
MOC-isoleucine

Next, the effect of the concentration of the acidic additive formic
cid in the mobile phase on the EEO of FMOC-isoleucine was stud-
ed. Although the concentration of this additive varied in a rather

arrow concentration range from 0.1 to 1% (v/v), peak coales-
ence was observed at 0.3% FA and reversal of EEO with baseline
esolution already at 0.5% of this additive (Fig. 5). With the FA con-
entration increased to 1% the separation factor improved further.

[
[
[

[

gr. A 1218 (2011) 6554– 6560

This finding, together with our parallel observation for the chiral
drug amlodipine [17], seems to be the first report on the reversal
of EMO  caused by changing the concentration of acidic additive in
the mobile phase in a rather narrow concentration range.

4. Conclusions

This study reports the reversal of enantiomer elution order
of FMOC-isoleucine based on chiral selector, content of the polar
organic modifier of the mobile phase, separation temperature and
for the first time, the acidic modifier content in the mobile phase.
Further studies on these effects may  provide valuable information
for better understanding the mechanism of chiral recognition on
polysaccharide-based chiral stationary phases. Furthermore, such
susceptibility of enantiomer separation to the content of organic
modifiers and separation temperature must be considered in chiral
separation method development and optimization.
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